The sensitive effect of O 2 adsorption on the electronic properties of organic semiconductors is investigated by band structure calculation. O 2 can actually p-dope the host materials even without illumination, i.e., a ground state property, in the circumstance of saturated coverage. Due to hybridization between O 2 and polymer, Fermi level of the oxygenated system is pinned at the nearly half-filled oxygen band and overlap with host valence band. The doping depends critically on the ionization potential. Each O 2 can dope more than 0.1 hole in dark and a full charge-transfer excitation around 2.3 eV photon energy is predicted.
I. INTRODUCTION
Compared with metals and insulators, semiconductors are unique in that their electrical properties can be widely tuned by the dopants. Inorganic semiconductors are usually classified into intrinsic and extrinsic ones depending on the existence of the dopants, and analogy has been made to organic semiconductors. Most of the materials used in organic semiconductor devices are thought to be intrinsic, since no dopant is intentionally incorporated. Yet it is well known that their electrical conductivity is highly sensitive to external conditions despite the materials has been carefully purified. The distinction between intrinsic and extrinsic semiconductors is therefore blurred and questionable. In the past several years it became clear that the gas molecules are responsible for such sensitivity. In particular, the ubiquitous molecular oxygen physically adsorbed to the organic semiconductors is shown to cause a p-doping, in sharp contrast to inorganic semiconductors where doping is through chemical bonding with impurity atoms. So far very little is known about the nature of oxygen doping, and apparently the well-established donor/acceptor doping theory of inorganic semiconductor is far from applicable. 1 The high sensitivity to molecular oxygen, or the role of O 2 as a p-dopant, has been found in conjugated polymers, [2] [3] [4] small molecules, 4 as well as carbon nanotubes. 5 From energy conservation, it appears that such doping could be accomplished only with some additional excitation since the ionization potential ͑IP͒ of organic semiconductors ͑between 5 and 6 eV͒ is usually much larger than the electron affinity ͑EA͒ of O 2 ͑0.45 eV in gas phase 6 ͒. Indeed, the effect of p-doping in pentacene field-effect transistor ͑FET͒ is apparent only with illumination of UV light. 4 However, it does not seem so in the case of poly͑3-hexyl thiophene͒ ͑P3HT͒ as the current-voltage measurement in dark condition still presents significant off-current. 3, 4 In addition, using poly͑3Ј ,4Ј-dialkyl-2 , 2Ј ,5Ј ,2Љ-terthiophene͒ ͑PTT͒ with similar chemical structure but of larger IP as active layer can reduce the off-current. 7 Thus the p-doping can happen in dark, i.e., a ground state rather than excited state property, depending critically on the highest occupied molecular orbital ͑HOMO͒ level of the host material.
In this work we clarify theoretically the mechanism of p-doping in organic semiconductors for both in dark and under illumination. With a self-consistent tight-binding scheme which considers the correlation effects on O 2 , we can obtain the band structures for a class of oxygenated polythiophene. O 2 is unique in that it has two half-filled molecular orbitals which contribute to its paramagnetism. Through wave function hybridization with the polymer, the oxygen band becomes degenerate with the polymer valence band and Fermi level is pinned by the oxygen band to lie inside the valence band. In other words, the adsorbed O 2 transforms the semiconducting polymer into a metal even at the ground state. Such metal-insulator transition has been predicted for oxygenated single-wall carbon nanotube. 
II. BAND STRUCTURE OF POLYTHIOPHENE DERIVATIVES
The chemical structure for a thiophene is shown in the upper panel in Fig. 1 . A thiophene contains six electrons, four of which from carbon atoms and the rest from the sulfur atom. The band shown in the left panel of Fig. 2 is obtained from a set of tight-binding parameters 10 given by 1 = −1 eV, 2 =0, s = −3.8 eV, t 1 = −2.8 eV, t 2 = −3.5 eV, t 3 = −2.5 eV, and = −3.2 eV. 11 The Fermi level is set at zero. The HOMO level corresponds to the edge state labeled by C * of the valence band ͑VB͒, and their wave functions have most components on the two top carbon atoms with an antibonding combination. The two flat parts labeled by S0 and S1 have most components on the sulfur atom. The magnitude of , a measure of delocalization between molecular orbitals on adjacent thiophene units, can alter the position of HOMO. As ͉͉ increases, the bandwidth of VB increases and hence the HOMO is elevated. The chemical structure for P3HT causes it to have more planar conformation than PTT since in the latter there are more side-chain repulsions. 7 Therefore larger ͉͉ can be expected in P3HT. Consequently, the right panel in Fig. 2 demonstrates the lowering of HOMO level and the reduction of the bandwidth of VB for the identical tight-binding parameters except of −2.2 eV. We identify the left -bands with P3HT while the right with PTT. The great difference in air stability of these two polymers will be discussed below for illustrating the essence of dark doping by O 2 . In addition, the tight-binding parameter also characterizes the trend of band gap among the polythiophene derivatives, as shown in Fig. 3 . In other words, the one like P3HT, in the larger ͉͉ end, naturally has longer conjugation length and smaller band gap, while the one like PTT has much shorter length and larger band gap. This also qualitatively explains the trend of band gap among conjugated polymers and small molecules.
III. ELECTRONIC STRUCTURE OF OXYGENATED POLYTHIOPHENE
The donor site which interacts with O 2 is the sulfur atom in thiophene for the heteroatom contains a lone pair of electrons 12 and the density of -electron is highest around it within a thiophene unit cell. Thus the lower panel of Fig. 1 is to represent the oxygenated polythiophene. In addition, each thiophene unit is attached by one O 2 to simulate high-density adsorption. The wave functions for the band are composed of p z atomic orbitals as we regard the plane for thiophene as the x-y plane, and they have the odd inversion symmetry with respect to the thiophene plane. On the other hand, taking the O 2 bond as y axis, the O 2 molecule has its two valence electrons occupying the two degenerate molecular orbitals x * and z * . According to Fig. 1 , only z * has nonvanishing coupling with the band due to symmetry. We can regard the combined system as a thiophene chain weakly interacting with an infinity number of z * states from those adsorbed gas molecules. As in the case of single-wall carbon nanotube, 8 the combined system has an additional half-filled band associated with the oxygen z * . The following Hamiltonian H 0 for an isolated O 2 is considered:
where x * and z * have their creating͑annihilating͒ operators labeled by a ␣ † ͑a ␣ ͒ and the spin operator S ជ ␣ . stands for the on-site energy for the degenerate levels. The positive U term refers to the direct Coulomb repulsion when two electrons occupying the same orbital. Here the exchange effect in the Coulomb interaction is included in the effective spin-spin interaction term with positive prefactor J which gives the paramagnetic spin-triplet ground state for O 2 . The values for U and J can be obtained by the definition of EA and IP for O 2 in the gas phase. 13 repulsion U = IP− EA− J = 10.6 eV and the on-site energy = −11 eV. is to be scaled to fit the reference of the host material.
In an isolated O 2 , the spins of the two electrons in the z * and x * orbitals are in triplet configuration due to the strong Coulomb correlation. However once the density of the adsorbed O 2 is so high that an O 2 band is formed through hybridization with the polymer bands, the oxygen wave functions become delocalized Bloch state and the spin correlation is no longer important. We can then treat the highly oxygenated polymer in a spin-independent fashion and ignore the exchange interaction. Because of the hybridization, the expectation value of the electron occupation in each O 2 is no longer fixed at 2 as in the isolated molecule. The O 2 on-site energy depends on the occupation number due to Coulomb repulsion. Therefore we define the on-site energy for z * orbital of spin as = + U͗n − ͘ where n − represents the occupation operator for electron of opposite spin on the same orbital.
14 ͗¯͘ is the ground state expectation value. Hence the actual on-site energy has to be determined selfconsistently if additional electrons occupying the orbital. For later convenience we define the on-site energy for free oxygen band as 0 ϵ + U / 2, which corresponds to a level below vacuum by 5.8 eV. This number corresponds to the meanfield on-site energy when there is no electron transfer.
The weak hybridization between the oxygen z * and sulfur atomic orbitals here can split the bands from its unperturbed ones and allow electrons transferring to O 2 . The ultimate band structure, with consideration of the correlation effects, is obtained as follows. We first consider the case of P3HT. When P3HT is isolated from the O 2 chain, the top of valence band lies above the oxygen band because P3HT has an IP of 5 eV while the oxygen band lies below vacuum by 5.8 eV as indicated by 0 in Fig. 4 . Once the coupling t OS is turned on, the electrons occupying the top of valence band may transfer to the lower oxygen band, which cause a lift of oxygen band according to its on-site energy as shown by the arrow in Fig.  4 . The positions of Fermi level and the flat oxygen band, which depends on the occupance on z * , have to be determined in a self-consistent manner. Here we take advantage of the narrowness of the oxygen band to have a simpler way determining both positions. Since the flat oxygen band can neither be empty nor filled because O 2 has a large IP and a small EA, Fermi level must be pinned with the flat band in order to keep the z * having an occupation not far from unity on average, i.e., a nearly half-filled oxygen band. Though the perturbation t OS can widen the oxygen band slightly, its bandwidth is small. If we neglect the perturbation due to the weak coupling t OS , the position of the flat band is solely determined by the z * on-site energy. Thus the Fermi level can be given by a simple relation
where is the density of electron transferred to O 2 . Note that for less dense adsorption, the basic picture in Fig. 4 remains the same and we only have to modify Eq. ͑2͒ to meet the fact that each electron given up by the polymer now has to be shared by fewer adsorbed O 2 . Therefore the prefactor U /2 for in Eq. ͑2͒ must be multiplied by a factor to account for the missing density of O 2 . Below we consider the dense adsorption depicted in Fig. 1 . According to Eq. ͑2͒ the number of transferred electrons , lifting the oxygen band as shown in Fig. 4 , has to coincide with the number of empty states between the valence band edge and Fermi level. If we set the center of valence band as reference and approximate its dispersion as ⑀͑k͒ = W cos k, then the transferred electron density is given by
͑3͒
Therefore can be obtained by solving Eqs. ͑2͒ and ͑3͒ with the given dimensionless on-site energy 0 / W and Coulomb repulsion U / W. As shown in Fig. 5 , as long as the HOMO level lies above the center of free oxygen band 0 , the density of transferred electron is nonzero. Note that the resultant is surely small due to the large U. Therefore E F must locate just below the valence band edge, at which a high density of states exists. Hence only the band edge is important for determining the unknown , which in turn justifies our use of a cosine band which also possesses the same density of state near the band edge.
The weak coupling t OS perturbs more significantly the bands which have larger components on sulfur and oxygen atoms. Therefore, the oxygen band and the segments S0 and S1 are mixed with nonzero t OS . The value of t OS can be obtained by
r ͉͑r − d͉͒, where the wave functions and , respectively, stand for the p z orbitals on sulfur and oxygen atoms in Fig. 1 . d is the separation between them and it can be determined by estimating the adsorption potential with Lennard-Jones 6-12 form in which the attraction part, from dipole-dipole interaction, is assumed to be a function of polymer band gap. 16 In this way we have t OS = −0.2 eV.
IV. RESULTS AND DISCUSSIONS
The resultant -band structure is shown in Fig. 6 with = 0.15 for the oxygenated P3HT in Fig. 1 . 0 / W and U / W are, respectively, 0.27 and 9.6 and Fermi level E F / W = 0.97 lies just below the edge of valence band. Hence the oxygenated P3HT is a metal where free hole carriers exist. Despite the hybridization with O 2 , the wave functions of C * valence band edge still have the dominate contribution from carbon p z orbital. The nature of the holes is identical with the holes on a pristine polymer without O 2 . On the other hand, holes in the oxygen band can hardly move due to the very large effective mass. This is consistent with the experimental finding that the average hole mobility is decreased by the oxygenation. 2 This transformation from intrinsic semiconductor to metal by adsorbed O 2 explains the effect of O 2 p doping in dark. Note that such doping occurs even at zero temperature, in contrast to the n / p doping for inorganic semiconductors where small thermal energy is required to lift the carriers to the bands. Moreover, O 2 act collectively instead of giving its own hole individually as in inorganic semiconductors. In addition to the empty states near C * at ground state, photons can excite the electrons in the sulfur band and the valence band to the empty states on the oxygen band.
The optical transition coefficient ␣ is given by
It is proportional to the square of the matrix element of the momentum operator p and the joint density of state j between the initial state ͉i͘ and the final states ͉f͘. Since the final state is the oxygen state, only the sulfur atom on the polymer has a significant optical transition matrix element. So the transition coefficient is proportional to the square of the sulfur component of the initial state and the joint density of state. The relative absorption spectrum is shown in the right panel of Fig. 6 . The sharp peak at 2.3 eV ͑400 nm͒ is from the sulfur band, while the broad tail is from the valence band. Both the large sulfur component and the large joint density of state of the S1 to O transition marked in Fig. 6͑b͒ contributes to the peak shown in Fig. 6͑c͒ . This result is remarkably consistent with the experiment. 2 The sharp peak implies a optical transition between two narrow bands. Our calculation verifies not only that the corresponding initial state is the occupied S1 band, but the fact that there are comparable number of adsorbed oxygen molecules providing the empty z * levels. We repeat the calculation for the configuration, as shown in the inset of Fig. 7 , in which the carbon atoms act as the donor site interacting with the adsorbed O 2 . In this case, the coupling between z * and carbon atomic levels can be written as t OC ͑a z * † a 1 − a z * † a 2 ͒, where a 1 † and a 2 † corresponds to the creation operators of atomic levels on carbon 1 and 2 in the inset of Fig. 7 . The minus sign appears because of the antibinding character of O 2 z * . It gives a similar band structure which is expected since the oxygen band is still a flat one pinned near the valence band edge by the same reasoning. The distortion of oxygen band is still negligible since the coupling with carbons t OC is weak in comparison with other tight-binding parameters. However the photoexcitation is different. In this case the photo excitation has its largest matrix element between the empty oxygen band states and the occupied Bloch states with character of C *. Therefore the spectrum in the inset of Fig. 7 corresponds to the optical transition from the broader valence band. The key difference is the missing of a sharp peak corresponding to transitions from a narrow bandwidth of states to oxygen band near the wavelength of 400 nm in the previous configuration. Since the peak is a key experimental signature, 2 our configuration appears to be more appropriate.
Reducing ͉͉ can lower the HOMO position and alter the p-doping significantly. For example, polythiophene with IP larger than 5.8 eV such as PTT in Fig. 2 , the additional oxygen band will lie slightly above the valence band. The p doping in dark is significantly suppressed by the large IP, but a photoinduced p-doping is possible. Obviously we can generalize the O 2 doping dependence on IP to other organic semiconductors. For small molecules such as pentacene with IP of 6 eV, 15 the off-current for pentacene FET is apparent only under both illumination and O 2 exposure, 4 in complete agreement with our prediction.
As stated above a single O 2 is not able to reconcile the picture for such p-doping because of its low EA. Consider a weak coupling for the single O 2 and assume the organic semiconductor were p-doped by it, the Fermi level would go down and touch the edge of valence band and generate one free hole. Once this took place, the lost electron would occupy nowhere but the O 2 , which however took exceedingly high energy as indicated by the small EA. Therefore a cluster of adsorbed O 2 , as in the lower panel of Fig. 1 , is required to accept the additional electron. In addition, the free hole carrier density has been quantitatively extracted from the pinchoff voltage of P3HT FET, 3 and the carrier density actually rises only after a sufficiently long time of O 2 exposure, say 1 h. This observation supports that doping in the dark has a threshold adsorption density for the cluster formation. In other words, the assumption of saturation adsorption of oxygen molecules is again justified.
Oxygenation is also expected to modify the metal interface dramatically. The fact that Fermi level is pinned by the flat oxygen band is of crucial importance when the organic material is in contact with metal. Naively, Fermi level is fixed by the metal and can be anywhere within the band gap of organic semiconductor. However, for the oxygenated organic semiconductors, the adsorbed O 2 contributes a band within the band gap which pin the Fermi level of metal by its high unoccupied density of state. This is consistent with the observation of different barrier heights for exposed and unexposed carbon nanotube FET's. 17 For titanyl phthalocyanine ͑TiOPc͒, the fact that Fermi level is fixed about 0.6 eV above its HOMO for various metal contacts 18 is also consistent with such concept.
Before drawing the conclusion, we would like to comment the effect of disorder in this case. In practice, the presence of disorder can generate a few localized states in the band gap. Under the assumption of saturation adsorption the wave function hybridization between O 2 and the polymer, leading to transfer of electrons to O 2 , remain the same since most of those states within the band are not perturbed significantly by the disorder. However, as the density of adsorbed O 2 is low and comparable to the defect density, oxygen will favor adsorption on the defect trap states and the effect will be sensitive to the level of disorder which cause the trap states.
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V. CONCLUSION
In conclusion we establish a model for the p-doping mechanism of polythiophene derivatives by physically adsorbed molecular oxygen based on a self-consistent tightbinding scheme. We believe that such model could be generalized to other organic semiconductors which are susceptible to the oxygen adsorption. Due to the hybridization of O 2 and polymer, Fermi level is pushed into the valence band and pinned with the oxygen band due to charge transfer to O 2 . The doping depends on the oxygen density in a highly nonlinear way. We found a quantitative relation between the amount of transferred electron and the ionization potential of the host materials. A wide range of experiments on the effect of air exposure for organic semiconductors can be well explained by this theory.
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